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1. INTRODUCTION 

The old electric drive systems of machine tools in the past in industry are often applied by 
transmission systems using direct current (DC) motors with tool drives, hydraulic cylinders, with some 
manufacturers such as Sendday and Fuji [1]-[5]. However, these transmission systems often change speed, 
stop-brake-reverse, so there is always damage, which must be repaired, due to the existence of brushes, and 
electric commutators. Therefore, the stability and accuracy for the system to work is not high compared to 
the automatic electric drive system using alternating current (AC) servo motor [6]—[9]. 

The servo drive system always meets the requirements of very low speed control, as well as high- 
speed control, with many different working modes such as: stop mode, braking mode, reversing mode as well 
as stop mode easy, especially this transmission is less prone to damage and always works stably, and 
accurately. Moreover, at present, modern control techniques (optimal control, adaptive control, nonlinear 
control, sustainable control) and intelligent control (fuzzy logic control, neural network control, mobile 
algorithm) transmission and artificial intelligence is growing strongly [4], [6], [10]-[15]. Therefore, the speed 
stability, accurate control for electric transmission systems such as: control of lead screw for table movement, 
feed movement, spindle movement, and use of servo motors. Therefore, this modern control method is the 
optimal control method for computer numerical control (CNC) numerical control machine tools [16]—[22]. 
Syriac and Chiddarwar in [20], proposed an algorithm to reduce the tracking error on the rotation axis of the 
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electromechanical tracking system with different thread pitch and its influence on the lead screw. In [23] 
studies the algorithm to evaluate the lead screw system applied to the hydraulic control system. Syriac and 
Chiddarwar [20], Tian et al. [23] both only study theory and stop at simulation, but have not entered into 
experimental and control programming. As mentioned above, the lead screw drive system for machine tools 
has the characteristic that during the working process there are always impact disturbances such as friction 
force, elastic moment, the effect of clearance when reversing rotation, jet, and affects the quality of the 
controller causing errors when controlling [2], [5], [6], [9], [14], [17], [18], [24]. 

This paper presents the problem of improving the quality of the position tracking controller for the 
automatic control system of the lead screw using AC servo motors applied in machine tools. In industrial 
production, CNC processing machines such as lathes, milling machines, and drilling machines [25]. The 
simulation research results will be the basis for calculation research, system design, evaluation, setting up the 
control algorithm of the tracking electric drive system, and in order to apply it to the actual production in the 
industry today, [8], [10], [12], [15]-[20]. 


2. BUILDING MATHEMATICAL MODEL FOR AN ELECTRIC DRIVE SYSTEM 

In this part, the proposed controller is synthesized for a tracking electric drive system after 
considering the mathematical model of lead screw is being as: for machine tools that use servo motor driven 
lead screw, on the axis of rotation of the device is performed separately, so there is no loss of generality when 
we consider the dynamics of the screw. The drivetrain tracking to this position. From there, we have a model 
of the control structure of the electromechanical drive system of a machine tool using an AC servo motor to 
control a ball screw as shown in Figure 1, component Jmotor is the moment of inertia of the motor attached to 
the lead screw with flexible coupling, œ angular speed represents the control position of the motor with the 
lead screw, [3], [6], [16], [19]. Then we go to survey the transmission model of the electromechanical control 
system of the lead screw of the processing machine as shown in Figure 2, including: L length of ball screw, 
x(t) displacement control value of knife, mt weight of the tool table attached to the lead screw, in addition, 
there are brackets, joints, seat bases, and nuts. 
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Figure 1. Model of electromechanical tracking drive system controlling lead screw using servo motor 
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Figure 2. The transverse slide drive system controls the lead screw of CNC machine tools 


Assuming that the transverse slide moves with a horizontal velocity, the friction between the lead 
screw and the nut, the lead screw system and the guide rod is said to always have nonlinear uncertainties. 
From the model is described as Figure 1; Figure 2, studying the dynamic model of the electromechanical 
tracking drive system controlling the lead screw with the input of the system torque t, component d is the 
noise signal, 0 is the angular speed component of the motor shaft. The output is the position of the 
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reciprocating rotation angle of the lead screw x. Diagram the drive system block from the control signal to 
the position of the lead screw device system x is shown in Figure 3. 


Figure 3. Structure diagram of the electromechanical tracking drive system of the lead screw system 


In which, the engine torque will generate rotation of the motor shaft with the influence of moment of 
inertia J and viscous friction B, [17], [20], [25]. Component 7, is the conversion factor from the angular 
speed (or position) of the motor shaft to the reciprocating position of the lead screw system with the 
following relationship: 


w(t) = 2 (1) 


Tg 
From the structure diagram we have: 


i 
Ha o 


x= 
B : fare 
Here we put a = P b = F ; u = T, from here we have the equation describing the lead screw control system 
for machine tools described as the following equation: 
x = —až + bu- d (3) 
With the input control signal of the system as the craft axis of machine set torque, the control synthesis in 


sliding mode is performed is being as: 


3. THE CONTROLLER SYNTHESIS METHOD IN SLIDING MODE 

The synthesize controller in sliding mode: Let xg be the desired trajectory, define e = xg — x as the 
tracking error. The control structure here is implemented as a closed-loop structure, then only the output 
reciprocating position and output velocity of the lead screw control system are measured and fed back to 
create a control law. The sliding variable is selected is being as: 

s=é€+ce (4) 


Since the tracking error will converge to zero in an exponential form, the convergence speed depends on the 
choice of the coefficient with c > 0, then the error is lime = 0 after a period of time t = to, the tracking error 
t> 


is within the range acceptable behavior of the device. Substituting the value e = x4 —x in (4) and 
differential with time we have: 


$ = ë + cé = {q — Ž + cé = ¥ą + až — bu + d + cè (5) 


In this study, it is expected that the evaluation error components will be zero. Thus, we must choose the 
constant evaluation rule on the basis of Lyapunov function for expression (5) is being as: 


Y= Lg? (6) 
Differentiating (6) with respect to time we have: 


V, = s$ = s(4 + až — bu + d + cê) (7) 


Int J Pow Elec & Dri Syst, Vol. 13, No. 1, March 2022: 150-158 


Int J Pow Elec & Dri Syst ISSN: 2088-8694 Oo 153 


According to the principle of stability theory of Lyapunov function, it is necessary to choose the control 
signal is being as: 


u= [a taxt+cét+d+t ksgn(s)| (8) 


The selection according to (8) is to ensure according to the property of the negative Lyapunov function. 
Thence inferred: 


; 1 
V, = s(žą + ax — b 5 [¥g+tax+cé+d+t ksants)| +d+cé) (9) 


= s(Xg tax + ¥ą — až — cė — ksgn(s) — d + d + cé) = s(—ksgn(s)) = —k|s| < 0 


The proposed control law as above has ensured the convergence of state variables according to 
control theory with Lyapunov control function. Design and analysis of stability on the basis of a state 
observer: For the lead screw drive system, depending on the type and size of the lead screw, during the 
system's operation under various conditions, there are many types of disturbances affecting the system such 
as force friction, the influence of the gap, the elastic factor and the stiffness of the lead screw, and the 
machining reaction. This noise has different characteristics that affect the signal reception from the 
controller. When the lead screw rotates, the noise component due to the reaction also has a small variation 
with time, then we can apply the state observer proposed by [5], [13] is being as: 


å=a(f- i) (10) 
= -Â + bu—c,(6 — x) — ax (11) 


where, d is an estimate of d and Ê is an estimate of x, cı > 0, c2 > 0, similar to the above with the expectation 
that the evaluation error component will gradually approach zero. We choose the Lyapunov function is being 
as: 


V, =—d? +182 (12) 


~ 2¢4 2 


Because for the set of observers, it is necessary to observe the real unmeasured components (it is necessary to 
estimate these components) to ensure a stable system (according to the theory of stability of Lyapunov 
functions). Ford = d — d, 6 = x — ô. The differential (12) of the Lyapunov function has the form: 


V, =—dd + 65 =+d(d - å) + 5@ - Ô) (13) 
Substituting (10), (11) and (2) into (13) we get the following: 
Vz == (d- (6-2) + 8(-at + bu - d - (-d + bu - c(ô — x) - ax)) (14) 
Tesa z x 3 Lind eer, oe, e z 1... z 
= dd — db —%) + 6(-d +d + c2( — %) = —dd + dé + 5(-d - c28) = — dd — c2ô? 
J; 1 al 
When the noise d is small in time and limited, with cı having a suitable value, then is obtained (1/c,).d ~ 0, 


here it is appropriate to choose c2. So, we have: 


. 1+: ~ 
V, = —dd — c38” <0 (15) 
1 
Thus, noise d can be estimated by designing a noise observer and for noise compensation can be 
implemented in feedback control. Design a controller in sliding mode with an observer that evaluates the 
nonlinear component: Same as above, here we choose the sliding variable as expression (4), (5) with c > 0, 
we choose the Lyapunov function is being as: 


V3 = Es? (16) 


From there, replace the value e = xq — x in (16) and and time differential expression (16) get: 
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Vz = så = s(¥g + až — bu + d + cė) (17) 
To reduce oscillation on the sliding surface, it is possible to build and select the control signal is being as: 
u =- [ëa +ax+cé+d+ksgn(s)| (18) 
With d being the component of the estimated values of d and d = d — d. We get: 


b 
= s(ža + ax — 4 — ax — cė — À — ksgn(s) + d + cê) = s(d — Â — ksgn(s)) = ds — k\s| 


. 1 kj 
Vz = s(ž4 +až +d + cė-— b|- [ča +až+cė+ â+ ksants)]) (19) 


With the coefficient k chosen satisfying k > |d |, we can get: 

V; = ds — k|s| < 0 (20) 
The Lyapunov function of a fully closed system can be expressed as: 

VV, +V = +767 +75? (21) 
Differentiate (21), we get: 

V = V, +V,=+dd +65 + ss (22) 
Substituting (13) and (20) into (22), we have: 

V =V, +V, = Š dd — c38? + ds — kls] < 0 (23) 


Then get the value V < 0. Limiting oscillation on the sliding surface for the controller: one limitation of the 
sliding mode control mode is the chattering phenomenon on the sliding surface, which negatively affects the 
system and the actuator. To limit the oscillation on the sliding surface, we use the saturation function instead 
of the sign function in the control law (18), [2]. The saturation (sat) function is described as (24). From there, 
we have the saturation function graph as shown in Figure 4 as shown in. Then, it will reduce the oscillation 
on the sliding surface from using the saturation function instead of the sign function, bringing high results for 
the control system, [2], [8], [14], [25]. 


1s>A 
sat(s) = jks, |s| < 4,k = 1/4 (24) 
—1s < —4 


Figure 4. The saturation function graph 


4. RESULTS AND DISCUSSION 

To get an assessment of the quality of the proposed controller, the authors build simulations on 
MATLAB-Simulink for the model object of a ball screw system using an AC servo motor. This is a 
permanent magnet synchronous motor (PMSM) with a conventional proportional integral derivative (PID) 
controller and a slip controller has been proposed, [8], [9], [11]. Parameters Vp, Vi are selected on the basis 
of experimental method Zeigler Nichols. After choosing parameters Vp, Vi, we can calculate parameters Vp 
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and d. However, due to the experimental design, to improve the control quality: short transient time and small 
overshoot, it is necessary to adjust two more parameters Vp and d. The set of correction parameters found 
are: Vp=0.01; d=0.98 (with T=0.002). Quality of proportional integral (PI) controller after selection 
calculation: Kp=0.3; Ky;=0.0001. In addition, the authors use PID design control software to design the 
controller. Technical parameters include: speed 0-12 mm/s, load 95 KgN, fixed-length aperture full-stroke 
lead screw L=500 mm, with moving distance to the left of lead screw Li=19 cm, right shift L2=23 cm, 
maximum length of lead screw excluding joints is 500 mm, and minimum length is 5 mm in screw pitch of 
lead screw. The outer width of the lead screw system is 120 mm, the tool table width is 105 mm, and the 
toolpath length is 120 mm. Travel time to the end of the journey with the maximum speed t = 3.15 s with the 


parameters: R, = 10 2, Ly = 10 mH, = 1388.61 (N/A)/(kgm7?). AC servo motor with driver panasonic 


MADDT1207 has parameters: motor power P=200 W, rated speed nate = 3000 rpm, current I = 2 A, voltage 
U = 200 V, frequency 50-60 Hz, encoder counting 2500 S/R, and the motor shaft end has a soft joint that is 
linked to the lead screw system. Working structure with converted moment of inertia J = 0.12 kgm. To 
evaluate the results, we perform a position tracking simulation for the axis of the lead screw driver with the 
parameters given is being: rg, = 0.05 rad/m, J, = 0.03 kgm”, Bı = 0.06 kgm*/s, kı = 4000, A = 0.10, 
c=15,andk=50. 

Simulation results: performed with a conventional PID position controller as shown in Figure 5. The 
simulation results with the sliding mode controller and the noise observer are being as. Evaluation of results: 
comparing the value of the lead screw position tracking controller, we found that, with a conventional PID 
controller, the setup time for the system to follow the set signal is about 0.7s; the overcorrection is 7%, the 
largest tracking error is about 12.3% Figure 5. With the sliding controller combined with the state observer, 
we have a set time for the drive system to tracking the signal as the set speed and the actual speed always 
follows the set value Figure 6, the noise signal estimation value d1 and the parameter estimation error of the 
controller show that a good working observer always provides full information about the controller Figure 7. 
Similarly, with the input control signal u1(t) as shown in Figure 8, the quality of tracking the position of the 
lead screw system when using the proposed sliding controller as shown in Figure 9 is also better than that of 
the lead screw system with conventional PID controller simulation results Figure 5. Moreover, these results 
compare with the literature [19], [23], the results of this paper are better, because there are smaller tracking 
errors, leading to better control quality. 

From the results of tracking the trajectory of the lead screw system device, we find that, with a 
conventional PID controller, the overdrive of the position controller is large, the transient time is large, and 
the error of tracking the end point trajectory of the controller is large. As for the proposed sliding controller 
combined with state observer, we find that the tracking quality of the controller has high accuracy. The actual 
trajectory of the lead screw system has captured the set trajectory with a very small error (» 0), the transient 
time is small, the overshoot is very small. 
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Figure 5. The rotational axis position of lead screw system when using PID controller 
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Figure 6. Real speed and set speed of lead screw system 
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Figure 7. Result of noise signal estimation d1 and estimation error when the lead screw system is working 
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Figure 8. The control signal input u1(t) 
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Figure 9. The axial position of the lead screw device when using the proposed sliding mode controller 


Through the simulation results, the following observations are made: the control quality of the 
proposed sliding controller is much higher than that of the conventional PID controller: in terms of transient 
time, overcorrection, and tracking error. The controller and speed controller of the lead screw system has 
always been tracking according to the position and set speed with a small tracking error, after a short period 
of time. Therefore, the position controller of the lead screw control system always follows the set trajectory 
with a very small error, compared with previous works [17], [19], [20], [23], the results of this paper are 
better, which proves that the quality of the controller has met the control requirements with high accuracy for 
the CNC machine tool system. On the basis of the built-in state observer, the results show that the observer 
has evaluated the value of the controller's impact noise with a small tracking error. From there, we implement 
the sliding mode control law combined with noise compensation to ensure the stability of the system with the 
proposed control law. 
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5. CONCLUSION 

The article has synthesized the position tracking control algorithm for the lead screw 
electromechanical system using servo motor on the basis of control in sliding mode and state observer with 
high control quality and small tracking error. The control law is proven based on the Lyapunov stability 
theory. The results of simulation research on the basis of MATLAB-Simulink software have proved the 
correctness of the proposed controller algorithm, compared with previous studies, the proposed controller 
algorithm. The above can be applied in practice to improve control quality for many industrial and civil 
processing machinery and equipment. 
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